Spatial relationships between predators and prey have important implications for landscape processes and patterns. Highly mobile oceanic birds and their patchily distributed prey constitute an accessible model system for studying these relationships. High-frequency echosounders can be used together with simultaneous direct visual observations to quantitatively describe the distributions of seabird consumers and their resources over a wide range of spatial scales, yielding information which is rarely available in terrestrial systems.
Introduction
The landscape ecological perspective focuses on interactions between spatial patterns and the ecological processes influencing and influenced by patterns at different scales (Risser et al. 1984; Risser 1987 ).
Predator-prey interactions constitute an important class of such ecological processes because: 1) most organisms live in environments where food resources are distributed heterogeneously (Wiens 1976) ; 2) the distribution of resources influences the movement of consumers across landscapes (Smith 1974; O'Neill et al. 1988) ; and 3) the spatial configuration of prey utilization by predators has important consequences for the dynamics of nutrient and energy fluxes in ecosystems (Wiens et al. 1985; Schneider et al. 1987) . Unfortunately, empirical investigations of predator-prey interactions over a broad range of scales have been limited by obvious logistical and methodological difficulties.
Strictly defined, landscape ecology is concerned with land areas; however, its principles and concepts apply equally to aquatic and terrestrial environments (Forman and Godron 1986) . The ocean can be viewed as a 'landscape' in the sense that it can be described by patterns with different temporal and spatial scales (Haury et al. 1978; Steele 1989) . Oceanic birds and their marine prey constitute an excellent model system for examining the interplay between resource distribution, foraging behavior, and trophic exchange. Seabirds are highly mobile, fly at speeds faster than dispersal rates of their prey, and can theoretically respond quickly to spatial variations in prey distribution. Despite its outwardly 'minimalist' appearance, the ocean is an exceptionally heterogeneous environment (e.g., Steele 1976; Haury et al. 1978; Hunt and Schneider 1987; Nero et al. 1990) , and marine resources such as plankton exhibit patchiness over a continuum of scales (Platt 1972; Mackas and Boyd 1979; Mackas et al. 1985) . Unlike terrestrial environments, where complex landscape structure may be an important constraint on movement (e.g., rock piles, dense vegetation, mountains, bodies of water), the oceanic environments of seabirds are vast and open; consequently, the movements of foraging seabirds are potentially directly reflective of their assessment of spatial variation in resource abundance or availability.
Efforts to understand interactions between higher trophic-level organisms and their resources usually focus on habitat selection. If resource exploitation is the primary function of habitat selection, then the spatial distribution of a predator should follow the dispersion of its prey at fine spatial scales (Morris 1987) . On the other hand, if habitat selection serves other purposes, or if perceptual constraints prohibit accurate resource assessment, then the distribution of predators may or may not reflect that of their prey.
Patterns of spatial distribution of many marine organisms exhibit variation over a wide range of scales (Haury et al. 1978; Schneider and Duffy 1985; Hunt and Schneider 1987; Pinckney and Sandulli 1990; Rose and Leggett 1990) , and research offers frequently focus on finding a 'characteristic scale' at which predator-prey correlations are maximized (e.g., Schneider and Piatt 1986; Heinemann et al. 1989; Erikstad et al. 1990; Piatt 1990 ). This approach may partly reflect the prevalence of an optimization paradigm in ecology (Cody 1974; Maynard Smith 1978; Gould and Lewontin 1979; Krebs and McCleery 1984; Rapport 1991) , but it neglects important realities of marine and other environments.
In this paper we begin to explore an emerging perspective which explicitly acknowledges the multiscale patchiness characterizing most ecological systems (Senft et al. 1987; Kotliar and Wiens 1990) . We examine the possible use of fractal geometry for analyzing spatial dispersion patterns of marine birds, and argue for the use of the fractal dimension as a descriptor of spatial distribution. Examples are provided from case studies of planktivorous seabirds in the northern Bering Sea. Further development of the approaches advocated here could yield many new insights into spatial dispersion patterns which result from complex animal movements.
A brief overview of seabird ecology

The marine distribution of seabirds
Numerous studies have shown that the marine distribution of seabirds is closely related to physical oceanographic structure over intermediate to broad spatial scales (Shuntov 1974; Pocklington 1979; Brown 1980; Griffiths et al. 1982; Hunt and Schneider 1987; Veit 1988) . Different species assemblages are often associated with adjacent water masses, suggesting that seabirds are able to respond to subtle differences in their marine habitat (Hunt et al. 1990b) . However, in some cases, associations between seabirds and physical factors have been lacking (Abrams and Griffiths 1981) .
More recently, interest has shifted to biological structure. Acoustic technology (Barraclough et al. 1969; Andersen and Zahuranec 1977; Pieper 1983; Pieper and Holliday 1984; Pieper et al. 1990 ) has allowed marine ecologists to combine quantification of plankton and fish prey populations with simultaneous shipboard observations of birds. The resulting data sets provide continuous records of both consumer and resource distributions, a situation unavailable in most terrestrial systems.
Recent fine-scale (< 5 kin) investigations employing this technology to study the foraging distribution of planktivorous seabirds have typically reported weak or ephemeral associations with their prey (Woodby 1984; Obst 1985; Heinemann et al. 1989; Hunt et al. 1990a ; but see McClatchie et al. 1989) . In contrast, studies and analyses conducted at larger scales (Jespersen 1930; Bailey 1966; Heinemann et al. 1989; Ryan and Cooper 1989; Hunt et al. 1990a ) and studies of piscivorous birds (Schneider and Piatt 1986; Safina and Burger 1988; Erikstad et al. 1990; Piatt 1990 ) and fish (Rose and Leggett 1990 ) have frequently documented stronger correlations. These observations have led some workers to hypothesize that it may not be energetically efficient for some planktivores to seek out the most dense prey patches in areas of high overall prey abundance (Woodby 1984; Hunt et al. 1990a) , and that planktivores may select their foraging habitat in a coarse-grained fashion, primarily on the basis of physical oceanographic features presumed to enhance prey accessibility (Hunt et al. 1990a) .
Relationship to optimal foraging theory
The seemingly weak spatial relationship between planktivorous seabirds and their prey is inconsistent with relevant foraging models which generalize the concept of 'ideal free distribution' (Fretwell and Lucas 1970) to environments where resource distributions are continuous but arbitrary. These models predict strong correlations above some threshold prey density, irrespective of basal metabolic costs, searching costs, handling costs, locomotion costs, or the need to return to a central place (Arditi and Dacorogna 1985 . This discrepancy between theory and observations suggests either that seabirds do not forage optimally or that these models do not adequately describe foraging behavior in the marine environment.
While the optimal foraging models yield specific predictions about the spatial distribution of optimal foragers, we believe that they ignore important aspects of resource acquisition in marine and other environments. Patchiness is an important 197 characteristic of most ecological systems (Wiens 1976) . However, the behavioral response of an animal to patchy resources depends on the scale at which patches occur, the richness of the patches, and the animal's mobility relative to the persistence of the patches (Morse and Fritz 1982) . These factors are not generally incorporated into traditional optimal foraging models, which generate predictions about resource acquisition in single-scale or scale-insensitive environments.
High prey densities are, at times, associated with certain physical features of the ocean, such as hydrographic fronts (see reviews in Schneider 1987, Hunt 1990 ). However, patterns of attendance by seabirds at features such as fronts can be quite variable (reviewed by Schneider 1990a). While such features are sometimes visible to a bird flying over the ocean's surface (e.g., Brown 1980; Briggs et al. 1984; Hunt and Harrison 1990) , there are frequently no obvious surface clues to the presence of either the subsurface physical structure or the associated prey patch, and marine predators are not omniscient (Obst 1985) . Thus, it seems likely that a foraging seabird may perceive much of its environment to be, a priori, essentially uniform (cf. McNamara 1982); only after it has sampled an area or observed the behavior of other foraging animals can a posteriori decision rules be implemented.
An alternative view
Fractal geometry
A relatively new tool for the analysis of multiscale spatial structure in natural systems is fractal geometry (Mandelbrot 1982) . Fractal geometry is an appropriate framework for analyzing dispersion patterns of seabirds and their prey because these patterns are predicted (and observed) to exhibit variation over a continuum of scales. The fractal dimension has been described as 'a useful indicator of the complexity of autocorrelations over many scales for natural phenomena' (Burrough 1981, p. 242) . A fractal is technically defined as a series in which the Hausdorf-Besicovitch (fractal) dimen-sion (D) exceeds the topological dimension (D t) (Mandelbrot 1982) . In non-technical terms, fractals are temporal or spatial phenomena which have detail at all scales, and which show partial correlations over many scales (Burrough 1981; Palmer 1988) . A graph of an environmental variable such as bird density plotted as a function of distance along a transect may be linear (D = D t = 1), implying strict spatial dependence; it may be highly erratic, with the entire plane filled with points ('white noise'; D = 2); or it may fall somewhere in between (1 < D < 2) (Palmer 1988) . Phenomena with fractal geometries fall into the latter category.
"Behavioral cascades"
Keeping in mind the constraints discussed in section 2.1, we may explore an alternative view of the foraging behavior of marine predators. At horizontal scales ranging from 10 m to 20 km (depending in part on the kinetic energy level of the environment), turbulent diffusion is an important determinant of the spatial distribution of phytoplankton (Platt 1972; Denman and Platt 1976; Legendre and Demers 1984; Mackas et al. 1985) , and consequently should influence the movements and dispersion of organisms which exploit phytoplankton (Frontier 1987) . The geometry of turbulence is fractal; that is, turbulence consists of eddies which dissipate continuously into smaller ones, down to the scale of viscosity (Mandelbrot 1982; Frontier 1987) . As a consequence, patchiness in the distribution of plankton is not discrete but continuous (Frontier 1987) ; variation occurs at many spatial scales, and the definition of a patch is therefore ambiguous (Wiens 1976; Kotliar and Wiens 1990) .
It seems intuitively reasonable to assume that consumers, foraging under information constraints on continuously distributed resources such as plankton, should themselves employ a multiscale search strategy. Initially, a marine bird may broadly explore a large area where food is known to be particularly abundant or accessible (Hunt and Harrison 1990; Hunt et al. 1990a) . Within that broadscale search area, the individual can search for flocks of conspecifics or other predators that might signal the presence of food (e.g., Ryder 1957; Hoffman et al. 1981; Evans 1982; Ridoux 1987; Hunt et al. 1988; Obst and Hunt 1990; Au 1991; Harrison et al. 1991) . When prey are eventually located, the probability of finding more prey in the immediate vicinity is thereby increased (by definition of a patchy distribution), and the broad exploratory strategy should be replaced by more specific searching behaviors at a smaller spatial scale (Smith 1974; Frontier 1987; Kareiva and Odell 1987) . Frontier (1987) conjectured that such a strategy should result in a cascade of levels of behavior occurring in response to the fractal pattern of the prey distribution. Under this hypothesis, the spatial dependence of foraging behavior is successively transferred to smaller scales during a foraging bout in conformance with scaling patterns of the resource. We suggest that if such 'behavioral cascades' accurately describe the responses of individual predators to prey distribution across a wide range of scales, then an ensemble of such predators should collectively exhibit a spatial distribution with a fractal dimension that is correlated to the fractal dimension of the prey distribution. We also hypothesize that the subtle patterns of spatial association that are likely to result from such behavioral cascades may elude detection by simple correlational analyses, since predator and prey distributions would be expected to match spatially only in an asymptotic sense.
Methods
Observations at sea
We studied the foraging ecology of the planktivorous least auklet (Aethia pusilla), one of the most abundant Alaskan seabirds (Sowls et al. 1978) . During 1985-1986 we conducted shipboard transects of the Chirikov Basin in the northern Bering Sea, near islands where these birds breed (Hunt et al. 1990a; Hunt and Harrison 1990) . The oceanography of the region and its influence on breeding auklets is described in detail elsewhere (Springer and Roseneau 1985; Springer et al. 1987; Hunt and Harrison 1990; ). Here, we employ correlational and fractal techniques to examine spatial patterns of association between auklets and their acoustically measured food resources, using data from six transects near King and St. Lawrence Islands (Table 1) . These transects constitute a sample from a larger data set, and were selected for analysis on the basis of the quality and lengths of the acoustic records. Auklet dispersion was assessed from a moving vessel by shipboard observers who counted foraging birds continuously within an arc from 300 m ahead of the vessel to 90 ~ off the beam. Data were entered directly into a handheld microcomputer to the nearest 0.1 minute to facilitate comparisons between birds and acoustic survey data. Only birds observed sitting on the water are included in analyses, since birds in flight were probably commuting between foraging areas.
We measured the distribution of the biomass of the large calanoid copepods on which the auklets feed using a Biosonics TM Model 101 echosounder (200 kHz) and echointegrator with the transducer towed beside the ship at about 6 knots (11 km hr-1). Subsurface interactions between the acoustic beam and planktonic biomass result in backscattered sound waves; the amount and characteristics of the backscattering depend on the volume and size distribution of material in the water column. Vertical net tows indicated that the copepod Neocalanus plumchrus, the auklets' preferred prey (Hunt and Harrison 1990) , was the dominant zooplankton in our study area, suggesting that most of the acoustic scattering was due to its presence. Horizontal profiles of the acoustic data indicated that most of the prey biomass was concentrated at or above the thermocline (ca. 10-15 m below the surface; Hunt et al. 1990a ). We therefore integrated measures of acoustic scattering vertically between 7 m below the surface (the minimum possible due to interference from air bubbles entrained near the surface) and 15 m below the surface. Each integration sequence covered either 0.1 or 0.2 nautical miles (ca. 0.2/0.4 km) of transect. Possible sources of error in our acoustic sampling methods are discussed extensively by Hunt et al. (1990a) .
We did not attempt to convert acoustic survey data (units =-dB) to estimates of actual biomass, due to uncertainties about the exact relationship between target strength and body size. Thus, the data used in these analyses should be interpreted as relative indices of total zooplanktonic biomass. For simplicity of presentation, we will hereafter use the term 'prey' in reference to the acoustic scattering data.
Fractal analysis
We used a method (Burrough 1981; Phillips 1985; Palmer 1988 ) based on geostatistics and regionalized variable (RV) theory (Journel and Huijbregts 1978) to calculate fractal dimensions of bird and prey distributions for each of the six transects. RVs are continuous spatial variables whose variation is too complex to be described by traditional mathematical functions (Phillips 1985) . Their spatial variation is 'deterministic in the sense that nearby samples will have similar values, but stochastic in that the value at a given point cannot be precisely calculated from neighboring samples' (Phillips 1985, p. 97) .
Geostatistical methods (Journel and Huijbregts 1978) are used for analyzing patterns of variation in RVs. The semivariance V(h) of an RV at a scale of h distance units is defined as half of the variance of increments (i.e., the expected squared difference of the value of the function) h units apart:
where x represents the straight-line distance along a transect and W(x) is the value of the RV at point x.
The semivariance is an estimator of the average rate of change of an RV over a given distance (Phillips 1985) . If second-order stationarity is a reasonable assumption, then semivariance is closely related to autocorrelation, and each may be computed from the other; however, semivariance is less sensitive to nonstationarity than autocorrelation (since it is calculated from differences between observations), and is therefore more versatile in many applications (Phillips 1985) . A plot of semivariance on the vertical axis against distance between pairs of samples on the horizontal axis is called a semivariogram. Because the semivariance has, under certain conditions, the form of a fractal function that scales with h 4-2D at the origin (Berry and Lewis 1980) , the fractal dimension D of W(x) can be estimated from the slope m of a log-log plot of the semivariogram of W(x) (Burrough 1981) :
If the fractal dimension is scale-dependent, the loglog semivariogram is nonlinear and m is not constant. For more detailed discussions of geostatistics, the relationships between semivariograms and fractals, and other applications of fractals in ecology, the reader is referred to Journel and Huijbregts (1978) , Burrough (1983a,b) , and Sugihara and May (1990), respectively. We estimated fractal dimensions of bird and prey distributions using simple least squares regression and equations (1) and (2). Because semivariograms tend to deteriorate with increasing spatial lag, an objective criterion is needed for deciding upon an appropriate range of h to include in the regressions. We simply used the values of h which maximized the coefficients of determination (r 2) of the regressions. This method yields a minimum range of spatial lags over which fractal scaling applies. However, it does not allow us to address possible transitions in pattern at scales broader than this minimum range.
Results
Spatial distributions of auklets and their prey
The distributions of auklets and their prey along each transect are shown in Fig. 1 . On four of the transects, very few birds were present along one or both ends of the transect, probably because the birds flew over areas where preferred prey were absent or where lack of vertical stratification in the water column reduced the availability of the prey (Hunt et al. 1990a; Hunt and Harrison 1990) . For three of these transects (KING8, KNGD1, LRNC1), we only consider data from a segment of the transect that includes 95 percent of all birds observed, thereby focusing on the marine habitat of the auklets (i.e., the portion of transect where both auklets and appropriate prey, as judged from the behavior of the auklets, were present). In the fourth case (KONE1), bird distribution was sharply demarcated (Fig. 1) , so we simply focus on data from that portion of the transect where birds were present.
Spatial correlations between auklets and their prey
Correlations between the abundances of auklets and their prey were weak or negative at the most finely resolved spatial scale in all six transects (Fig.  2) . Consistent with previous studies (Schneider and Piatt 1986; Heinemann et al. 1989; Erikstad et al. 1990; Hunt et al. 1990a; Piatt 1990; Rose and Leggett 1990) , the spatial correlation between predators and prey depended upon the scale at which data analysis was carried out (Fig. 2) . This widespread observation has been interpreted as evidence that seabirds select foraging habitat in a coarse-grained fashion, and are not good at identifying the highestdensity prey patches at small spatial scales (Heinemann et al. 1989; Hunt et al. 1990a ). How- (180) LRN01 (83) I I
1.0 10.0 100,0 Bin size (km) Fig. 2 . Scale-dependence of the spatial correlation between auklets and their prey across the six transects. The scale on the horizontal axis reflects the distance over which data were lumped for analysis. Correlations were computed with data at the most finely resolved spatial scale, then adjacent bins of data were combined into double-sized bins and correlations were recomputed, then adjacent double-sized bins of data were combined into quadruple-sized bins and correlations were recomputed, etc. Sample sizes for correlations computed at the finest scale are shown; sample sizes for broader-scale correlations are successively halved. For comparative purposes, statistically significant correlations (adjusted for a type I family-wide error rate of p = 0.05) are indicated on the figure by filled circles. Note, however, that statistical significance is likely to be inflated by the lack of independence in spatially dependent data, so 'significance' should be interpreted cautiously.
ever, on some of our transects there were negative correlations (Fig. 2) . Furthermore, intensification of correlations with increasing scale, irrespective of the sign of the correlation, suggests that factors in addition to 'coarse-grained habitat selection' are probably implicated.
Fractal dimensions of auklet and prey distributions
Semivariograms for bird and prey distributions together with the best-fitting lines are shown in Fig.  3 . In most instances, linearity is evident as the spatial lag increases up to about 10 km. Beyond 10 kin, semivariograms tend to deteriorate as the lag increases because the number of point pairs decreases. Coefficients of determination ranged between 0.668 and 0.999 for zooplankton, and between 0.781 and 0.902 for auklets (except in one anomalous case of a nearly flat semivariogram where r 2 was 0.319; see LRNC2 in Fig. 3) .
The mean fractal dimension of auklet distributions was 1.90 (+ 0.02 SE, N = 6), and the mean of prey distributions was 1.82 (+ 0.05 SE, N = 6). Although the range of observed fractal dimensions was quite small, especially in the case of the auklets, Fig. 4 shows that fractal dimensions of bird and prey distributions tended to be positively correlated across the six transects. The regression is not statistically significant when all six data points are included (r 2 = 0.126, p = 0.490), but is significant when the transect with the flat semivariogram (LRNC2) is excluded (Y = 1.59 + 0.17*X, r 2 = 0.78, F = 10.76, p = 0.046).
Discussion
Fractal dimensions of predator and prey distributions
As discussed earlier, previous analyses of seabird dispersion have typically focused on discovering a characteristic scale of patchiness (e.g., Schneider and Duffy 1985; Schneider 1990b; Schneider et al. 1990) or characteristic scale of correlation between seabirds and prey resources (e.g., Schneider and Piart 1986; Heinemann et al. 1989; Hunt et al. 1990a; Piatt 1990; Hunt et al. MS) . Implicit in this approach is an assumption that predator-prey correlations are noisy at smaller scales due to failure of predators to find all small-scale prey patches, but that these matching errors should diminish at larger scales, as reflected in higher correlations and aggregation intensity. In contrast, the behavioral cascade perspective deemphasizes the ecological significance of matching errors, and focuses instead on understanding how individual search strategies might be translated into predator dispersion patterns via the autocorrelation structure of the environment.
Although no obvious pattern of direct correlation between predator and prey densities emerged in our analyses, there was some evidence of a relationship between fractal dimensions of their spatial distributions. This observation suggests, albeit indirectly, that the birds did respond directly to variation in the spatial dependence of prey resources within their marine habitat, and supports the hypothesis that important trophic linkages may not always be manifested in strong predator-prey correlations. Pinckney and Sandulli (1990) obtained similar results in an analysis of meiofaunal and microalgal populations on an intertidal sandflat. Although they found no correlation between meiofaunal abundance and microalgal biomass, the two groups nonetheless showed similar spatial patterns as revealed by autocorrelation analyses. These findings were interpreted as evidence of a common scale linkage between the two groups.
We repeated our fractal analyses with the data grouped into bins of increasingly larger size. This kind of data aggregation essentially increases the observational scale of our study, but in retrospect. These analyses showed that fractal dimensions were relatively constant (e.g., Fig. 5 ), indicating that spatial patterns of auklet and zooplankton distributions were nearly scale-invariant over the range of relatively fine scales examined here.
If the fractal dimension is not a constant function of scale, however, then the pattern it describes is not scale-invariant. For instance, in Fig. 3 , there are apparent changes in the slopes of several semivariograms at lags of 5-10 km that suggest changes in autocorrelation structure. Under these circumstances, interpretations of spatial variation at one scale cannot necessarily be extrapolated to other scales (Palmer 1988) . Some authors have argued that it is these departures from self-similarity, rather than the precise numerical values of the fractal dimension, which may prove to be of most interest to ecologists, because such departures indicate variation in the sources of biological pattern (Bradbury et al. 1984) . More specifically, abrupt changes in fractal dimension when shifting between scales may demarcate transition zones separating scale ranges dominated by different processes (Mandelbrot 1982) , where the environmental properties or constraints acting upon organisms are probably changing rapidly (Frontier 1987) . For example, Denman and Platt (1976) predicted, on a theoretical basis, that phytoplankton variability should exhibit a spectral discontinuity at a scale of between 0.2 and 20 km. This critical range represents the scale where the importance of biological processes (e.g., reproduction) is expected to overcome that of purely physical processes (i.e., turbulent diffusion) in the determination of phytoplankton patchiness. Data from several transects supported these predictions, exhibiting apparent discontinuities at scales of about 0.5 km (Denman and Platt 1976) .
Advantages of the fractal approach
The fractal dimension appears to be a useful measure of spatial complexity (Phillips 1985) , and provides several advantages over other descriptive indices of ecological patchiness. It is becoming increasingly apparent that more traditional, widely used mathematical descriptors, such as the variance-to-mean ratio, have little meaning in a multiscale spatial context (Palmer 1988; Hurlbert 1990 ). Furthermore, spatial dependence frequently prohibits rigorous statistical analyses of ecological data, and inference based on autocorrelated observations is risky (Bivand 1980) .
Whereas statistical techniques such as analysis of variance (ANOVA) aim to discriminate between sources of variation, the primary goal of fractal analysis and similar techniques such as spectral analysis is to describe variation. Fractal geometry has been usefully applied to a wide variety of problems involving complex patterns in nature, including terrestrial (Burrough 1981) and Martian (Woronow 1981) landscapes, cloud shapes (Lovejoy 1982), taxonomic hierarchies (Burlando 1990) , and distributions of nesting bald eagles in rugged landscapes (Pennycuick and Kline 1986) . Patterns such as these are generated by the collective operation of a variety of processes at many spatial scales and levels of organization. As a measure of pattern, the fractal dimension has the theoretical advantage that it describes variability at many scales jointly (Hengeveld 1990) , and the conceptual advantage that it is relatively easily interpretable in terms of autocorrelation structure.
Although it is difficult or impossible to deduce the biological processes underlying observed spatial patterns from the study of pattern alone (Cale et al. 1989 ; but see Margalef 1985) , analysis of pattern 205 can be valuable in formulating process-oriented hypotheses. Fractal analysis can provide useful information on the spatial configuration of processpattern interactions (e.g., Krummel et al. 1987) .
Resolution of the scales over which different environmental components are associated is an essential prerequisite for disentangling the factors responsible for spatial heterogeneity in ecological systems (Pieper et al. 1990 ).
Possible sources of bias in the estimation of fractal dimensions must also be considered in attempts to understand what the fractal dimensions actually mean. In this paper we have attempted to estimate and interpret fractal dimensions of the spatial distributions of marine birds and their food resources. We have suggested that variation in fractal dimensions may tell us something about variation in patterns of animal movement that occur in response to different 'landscapes'. In the auklet study, movements of both prey and foraging birds occurred throughout the course of the transects, so that spatial and temporal components of variation in the distributions are inextricably confounded in our data. This confounding of space and time in the 'spatial' coordinates used in the construction of semivariograms (Fig. 3) might be an important source of error in the dimensions we calculated. To date, most studies using fractal approaches have focused on phenomena which are temporally invariant over the time scale of the study (e.g., vegetation patterns, geological formations), and we are not aware of any attempts to document the extent to which temporal changes can affect spatial analyses of fractal structure. Such efforts would clearly be desirable in the future.
Conclusions and future directions
We have shown that spatial patterns of a marine predator and its planktonic prey at scales of up to about 10 km can be described by fractal dimensions. Furthermore, fractal dimensions of predator and prey distributions tended to be correlated, even though there was no consistent pattern of correlation between predator and prey densities within transects. Under many circumstances, it may be difficult to infer trophic relations from simple correlational analyses of abundance data (see also Pinckney and Sandulli 1990) . We suggest that it may be profitable to further investigate the use of fractal geometry as an additional technique for analyzing spatial distributions and relationships deriving from resource acquisition.
More specific interpretations of the patterns we have observed must await the development of a more rigorous theoretical foundation, and our empirical findings should be considered tentative pending replication in other systems. However, the habitats and resources of many organisms have fractal geometries (Morse et al. 1985; Frontier 1987; Wiens and Milne 1989; Hegde et al. 1991; Scheuring 1991; Williamson and Lawton 1991; Milne 1992) , and the ideas presented here can serve as a starting point for posing and testing hypotheses about foraging behavior and animal movements in such complex multiscale environments. Translation of the idea of 'behavioral cascades' from verbal into mathematical statements will facilitate the construction of models, and comparisons of organismal distribution across an array of fractal environments will allow more meaningful generalizations.
In the future, the fundamental and important differences between marine and terrestrial ecological systems (e.g., Steele 1985) will need to be addressed.
